A 3+m periodic domain-inverted pattern on the C-face of LiNbQs has been written using direct electron-beam writing for first-order gratings used in second harmonic generation. The domain formation mechanism has been investigated, especially the shape of the domain and need for a conductor on the C+ face during the electron-beam writing process.
A 3+m periodic domain-inverted pattern on the C-face of LiNbQs has been written using direct electron-beam writing for first-order gratings used in second harmonic generation. The domain formation mechanism has been investigated, especially the shape of the domain and need for a conductor on the C+ face during the electron-beam writing process.
The quasiphase-matching (QPM) technique,' where phase matching is based on the periodic modulation of the nonlinear coefficient, has been shown to give highly efficient second harmonic generation.' Using this technique, by selecting appropriate period of modulation, it is possible to phase match an arbitrary wavelength of light. The periodic modulation of the nonlinear coefficient is achieved in LiNb03 by reversing the domain polarization using Ti:indiffusion, (Ref. 3) Li ion outdiffusion,@ and by electronbeam bombardment.7*8 The efficiency of light frequency conversion depends upon the period of the domain inversion grating. Recent results reported on frequency conversion using the QPM technique'*25 use a third-order grating because of fabrication difficulties at the smaller grating period. It is, however, desirable to have a first-order grating as the frequency conversion efficiency can be increased by a factor of 9 compared to that obtained with a third-order grating. In this letter we report the fabrication of a firstorder grating using a direct electron-beam writing technique. Also, the domain reversal mechanism inherent in the formation of such gratings is examined, particularly the shape of the domain and need for some form of electrical ground on or near the C+ face of the LiNbO,.
Direct electron-beam writing was achieved using a Phillips 525M scanning electron microscope (SEM) converted for this purpose. Beam currents used were in the range of 3-7 nA and the beam voltage ranged between 20 and 30 kV. The electron-beam spot size was 0.5 ,um. Patterns were written with saturated filament current at beam voltages of 20, 25, and 30 kV. The best grating resolution was obtained at 30 kV. Although surface cracking was observed at high voltages (30 kV) and at slower scan velocities (235 ym/s) with a beam current of 7 nA, surface cracking was avoided by reducing the beam current while keeping the beam voltage high. Samples used in this study were 500~pm-thick Z-cut LiNbO, obtained from Crystal Technology. The domain inversion process is controlled by the electric field created by electron bombardment. Hence a 30-nm film of Ta metal was sputtered on the C+ face, which acted as a ground electrode. Samples were scanned on the C-face where the electron beam deposited a -ve charge on the surface. The scan velocities were between 200 and 800 pm/s. Typical sheet resistance of the metal film was 200 fi/cm2. Samples were mounted in the SEM by grounding the metal film with graphite paste or were isoa)Present address: Department of Materials Science and Engineering, Bard Hall, Cornell University, Ithaca, NY 14853.
lated from ground using double-sided scotch tape between the sample and the metal holder. Domain inversion was revealed by etching the LiNbOs sample in a solution of two parts HNO, and one part HF at 90 "C for 5 min since the etch rate for the C-face is much higher than that of the C+ face. Etched samples were examined using optical and scanning electron microscopes.
The required period for a first-order QPM grating in LiNbOs for a light wavelength of 840 nm is approximately 3 ,um. Figure 1 shows the etched pattern in the C-face after direct electron-beam writing of a 3+m period grating in LiNb03. The beam voltage used was 30 kV with 7-nA beam current and a scan velocity of 500 pm/s. The lines on the C+ face in this case merged to form a single domain. Figure 2 shows a SEM photograph of an etched pattern on the C!+ face after 6.5~pm period grating lines were written on the C-face using direct electron-beam writing. Further improvements in resolution may be possible by reducing beam current further while keeping voltage high and also by improving the conductivity of metal film used on the C!+ face. The best resolution obtained on the Cf face was approximately a 6.5~pm period. We were able to write patterns on LiNbO, samples that had no metal film on the C+ face when the writing was done on the C-face. Figure 3 shows the etched pattern after direct electronbeam writing on the C-face with a similar period with no metal film on the C!+ face. The beam voltage was 30 kV and the beam current was 6.8 nA. If higher-current densities were used, surface cracks were observed.
To understand the domain inversion mechanism under direct electron-beam writing, metal lines were deposited on the C+ face that were 200 ym wide and spaced 280 pm apart. This gave a periodic ground plane. Singe lines using different beam scan speeds (500, 250, 166.7, 71.4, and 33 .3 pm/s with 30-kV beam voltage and 7-nA beam current) were written perpendicular to the metal lines on the Cface. Figure 4 shows the etched domain reversal pattern on the C+ face after such a writing scheme. These results show that domain inversion can be achieved between metal lines where there is no direct ground and, secondly, domain spreading occurs at the metal edges. These results imply that domain inversion is related to the electric field density, which is higher at the metal edges. No significant domain spreading was observed on the C-face.
The width of the domain-inverted region on the C+ face was about twice the domain width on the C-face. This spreading. limits the fabrication of high-resolution gratings on the C+ face. Surprisingly, domain inversion through the thickness of the sample was observed on LiNbO,, which had no metal film grounding whatsoever on the C+ face. However, high-resolution gratings on the C+ face showed distortion as shown in Fig. 3 . This is possibly due to charging and discharging effects observed during the writing process. This implies that metal grounding is necessary for highresolution gratings although large-period gratings can still be written without direct grounding. More surface cracking was observed with samples without metal grounding. The metal holder/stub used for the LiNb03 samples in the electron-beam system obviously provided some grounding that perhaps made it possible to write on the C-face. Electron bombardment with focused beams (0.5 ,um diam) on the C-face of LiNb03 with the C+ face as grounded can produce high electric fields near the surface. The distribution of the normal component of electric field, E (x), due to a point charge in a uniform dielectric medium near a conducting plane is given by9
r12= (a+~)~+y~,
where x and y are the perpendicular distances of a point charge from the conducting plane as shown in Fig. 5 . The charge is q and E is the dielectric constant of the medium. x +7.. '" .: i . . . . As expected, a high electric field is produced near the point charge. Beam currents used in this study were of the order of a few nanoamps and the typical scan velocity used was 300 pm/s. The beam diameter was 0.5 ,um. This corresponds to a dwell time of about 1.5 ms per OS-pm travel. Hence, the charge deposited is about 10-t' C in 0.5 pm. If we take this as a point charge Q, then field intensity at 5 ,um depth is about lo* V/m. This is in the vicinity of the breakdown voltage for dielectrics. Hence, very high-field intensities are produced near the point charge. The field intensity near the point charge is similar in magnitude to that of the polarization fields in the ferroelectric material. This field can produce reversed domains near the surface. The role of electron energy in the domain-inversion process requires further investigation. Haycock and Townsend" proposed a mechanism for domain inversion in LiNbOs and LiTaO, where excitation of the crystal lattice by an energetic beam of electrons is required while an external field is applied. In our experiments energetic electrons can provide excitation of the crystal lattice and at the same time an electric field is created due to a ground electrode on the C+ face. It is also possible that low-energy electrons ( < 10 keV) may not produce domain inversion due to surface conduction, while higher-energy electrons penetrate deeper in the crystal.
The domain-inversion process starts" with nucleation of domains, with their polarization P orientation antiparallel to the original polarization field P, at the surface. There is rapid growth of these nuclei into long domains through the thickness of the crystal. Finally there is sideways growth or expansion of domains. The initial shape of the domain may follow the field profile due to the point charge. There will be a critical field for nucleation. The inverted domains induce a depolarizing field that aids the external field in the further growth of inverted regions along the C? axis of the crystal. So, the inverted domain shape will be essentially parallel to the C axis of the crystal as it grows further. The domain width on the C+ and Cfaces of the LiNbO, crystal increased as the scan speed decreased; this suggests that there is a field limit, which, when exceeded, allows domain reversal to occur spontaneously. When smaller-period metal lines (10 ,um) were used, no lateral domain spreading was observed on the Cf face of the LiNbO, crystal. The lo-pm period grating obviously acted exactly like a continuous ground. Therefore, the sample thickness plays a part in the reversal mechanism because of the drop in field intensity across the sample.
In summary, we have reported for the first time the fabrication of a first-order grating period patterned by direct electron-beam writing. It appears that the domainreversal process is controlled by the external electric field created by electron bombardment and by the induced depolarizing field inside the crystal.
Our electric field calculation results indicate that domain walls are not perpendicular to the C-face of the crystal, which is supported by experimental observations.7 Also, domain widths will be larger on the C+ face compared to the C-face which will limit the fabrication of high-resolution gratings. Both these factors will limit the second harmonic generation conversion efficiency.
